The new Sanita factory is a 2 story factory warehouse covering an area of 10,000 m 2 located in ZoukMosbeh, Lebanon. The warehouse is composed of 140 reinforced concrete columns supporting a one way pre-stressed concrete slab designed to carry 25 kN/m 2 of industrial live load plus a future steel structure. The soil substratum consists of 1 to 4 m of silt on top of the bedrock. The bedrock is hard karstic limestone with cavities and fissures. Because of the karstic nature of the rock, the original design called for a strip foundation on top of the rock with a maximum allowable bearing pressure of 400 kPa. Combined Micropiles and Footing Foundation, CMFF, is a new foundation system that was created by the International Institute for Geotechnics and Materials, iIGM, and implemented as an alternative solution for this particular project. This new system was designed utilizing a finite element model. There were two major concerns regarding this solution. The first concern was with respect to the loadsettlement performance of the micropile in the karstic terrain. The second concern was to prove the advantages of the CMFF system considering the particular conditions of the project. Two static load tests were performed on the micropiles with different methods. The results of the tests permitted modeling the soil/structure interactive foundation system. CMFF in karst offered many technical advantages over classical methods. A cost saving of about 40% was also accomplished in the foundation system without compromising safety. This paper summarizes the results of the load tests and the advantages of CMFF in this particular project. The paper also presents the different phases of the foundation system by covering the design details, construction aspects, performance evaluation, and cost analysis.
INTRODUCTION

Project Description
The project consists or removing 3 adjacent warehouses and installing a new modern factory: Sanita. The Sanita factory is part of an international industrial group, INDEVCO group. The factory is rectangular in shape, 165x60 meters, covering an area of about 10,000m 2 . The structure would be composed of 2 floor levels: The first level is a concrete structure, 5m high covered by a prestressed concrete slab, capable of carrying industrial live loads of 25 kN/m 2 , and bearing on 140 concrete columns (20 rows on 7 axes). The top floor is a metallic warehouse structure resting on 3 column axes (2 sides and 1 middle) spanning 30m on each side.
Karst Formation
The site is located in Zouk Mosbeh village, about 20 km North of Beirut city. The Geological map of the Zouk region according to L. Dubertret, (1955) , is given in Fig. 1 . The geological formation in this region is a Quaternary deposit of silt and Clay on top of the Tertiary sedimentary bedrock, Miocene marly and calcareous limestone, "Helvetien" formation (m 2b ). This bedrock is known, as found, to have karstic formations with large cavities, cracks and crevices.
The nearest known fault to the site is the secondary Dbaiye fault, about 2 km to the south (see Fig. 1 ). It should be noted that the borehole logs performed on site do not represent any sudden shift in the soil layers. This indicates that there isn't any obvious faulting activity within the site. A total of 14 exploratory boreholes were drilled on site. As shown in Fig. 2 , the site exploration revealed 2 main soil layers underneath an existing 150 to 200mm concrete slab-on-grade. Permanent groundwater table is very deep; surface seeping water however, accumulates for 3 to 4 days within the silty soil on top of the bedrock after heavy rains. This was evident on site during the construction phase in the winter of 2003. Such seepage activity is worth worrying about in a karstic formation.
FIG.1. Geologic Map of Zouk, Lebanon FIG. 2. Soil Substratum
Structural Data Footings were divided in 5 different cases based on column loads as given by Table 1 below. The foundation substructure was built monolithically even at the location of the expansion joints. Joints were planned in the superstructure. The foundation will be designed to carry vertical concentric loads. Other horizontal and moment loads are resisted by other structural elements like passive side resistance, grade beams, shear walls, etc… 
Geotechnical Requirements
When the soil stratum is a karstic rock formation with a thin soil cover (1 to 4 m), the choice of the foundation system would be financially and technically critical particularly for large projects like the one in question. The challenges of foundation selection in Karstic terrain were discussed for a case history presented by Brinker, F. (2004) . The foundation recommendations in the soil report called for:
• removal of the soil cover to avoid sinkholes, • conducting a cavity search under each bearing column,
• considering some provisional grouting to close cracks and fissures in the karstic formation under the columns, • reducing the actual bearing pressure on the fractured rock with q all =400kPa if shallow foundations are to be used • suggesting a modulus of subgrade reaction k s =80,000 kN/m 3 estimated by a Plate Load test performed at the bedrock surface • Avoiding large diameter piles as a foundation option, since column loads were not relatively high. Also, drilling in rock is slow and costly After reviewing the geotechnical requirements above, the structural engineer decided to go for a strip foundation and considered the reduced bearing capacity. The strip foundations were placed in the long direction of the factory connecting the short span (8.5m) of the columns (see Fig. 4 .a). A total of 7 strip foundations were planned. Each strip foundation had to be excavated to the bedrock level (1 to 4m deep), with a width of 2.2m and a thickness of 1m. The idea was to connect all columns to a rigid foundation that is capable of "bridging" over cavity problem areas as illustrated in Fig. 4 .a, treating the rock as a weaker matrix of rock and soil. When bidding on the project, the author found that this solution would be unpractical and time consuming, making room to other cost effective and innovative ideas. The alternative solution proposed by the author and illustrated in Fig. 4 .b, consists of installing micropiles under spread footings resting within the karstic rock. This combined Micropile and footing Foundation, abbreviated by CMFF, turned out to be a suitable option
FIG. 4. Possible Foundation Systems
COMBINED MICROPILE AND FOOTING FOUNDATION Background
The use of micropiles as a foundation system is relatively recent and became common in North America in the past 15 years. It started in Italy more than 50 years ago with Dr. Fernando Lizzi. Since then the use of this technology has flourished throughout the world, and is nowadays used by almost all serious geotechnical contractors. Despite its good reputation when transferring the load from the weak layer to the strong stratum, it was rarely used fully embedded in competent rock and in conjunction with the footing. In the litterature the use of micropiles in combination with the footing where both the deep and the shallow foundation are working together was rarely reported. The most comprehensive research in this regard was done by FHWA (2000) in the USA and by the FOREVER (FOndations REnforcees VERticalement, June 2004) national research project in France. Large diameter piles reinforcing raft foundations, were discussed and researched by many like Poulos, H.G.(1997 and 2001) , Cunha, R.P (2001) , and later defined as the CPRF (Combined Pile-Raft Foundation) method by Katzenbach, R, (2001 and 2003) . Small diameter micropiles combined with footings bearing on rock, have not been reported yet to the knowledge of the author. Inspired from previous research done with large diameter piles reinforcing raft foundations, the new concept of combining miropiles with spread footing was created in the purpose of solving the foundation problem of the project in question. Usually when rock is encountered almost always shallow foundations are chosen to transmit the structural loads to the bearing soil, even for high-rise buildings. However, when the rock is karstic by nature, a warning sign should be raised. On this particular project the foundation material is karstic rock that represents a foundation soil that can vary from very hard limestone to nothing (cavity) in a very short distance (<1m) and possibly within the same footing. The intriguing selection of a foundation system in karst is a challenge particular to each project as was recently reported by many professionals like Dotson, D.W (2003) , Brinker, F.A (2004) , and Siegel, T.C (2005) . The use of high capacity micropiles to solve foundation problems in karstic formations was successfully adopted and published in recent years by Traylor, RP et al(2002) , Dotson, D.W et al (2003) , and Uranowski, D. et al (2004) . The behavior of micropiles under vertical loads in rock have been recently evaluated by Cushing, A.G(2004) . He compared the results of more than 54 tests done on micropiles in rock. It should be noted that at the time of the project in 2002, only 3 years ago, little was known about the behavior of micropiles in rock. Static load tests to determine the behavior of a typical micropile in the present karstic limestone was needed.
Micropile Installation Procedure
The procedure for installing a typical micropile at this project is illustrated in Fig. 5 . The piles, including the test piles, were drilled with a 6 inch (150mm) DTHH with monitoring to ensure at least 5m of good friction with competent rock. The hole was reinforced with a 4" API steel tube (or casing) with 100mm inner and having a wall thickness of 7mm. The tube is inserted with centralizers all the way to the bottom. A small ½ inch (12mm) diameter, 1m long PVC tube is taped vertically on the steel casing near the top. Initial grout is placed by hand to close the annular space at the pile top. Grouting under low pressure is done from the top center of the tube. The grout fills the casing all the way down then is forced under pressure from the bottom up to fill the annular space between the steel and the soil. When the grout reaches the top it starts flowing upward via the ½ inch PVC tube as a proof that the pile is filled. The PVC tube is then clogged and grouting continues to indicate a pressure of minimum 5 bars (0.5 MPa). All the karstic cavities and fissures near the pile are thus consolidated. This type of installation is classified as Type B micropile based on IGU grouting method, Global and Unique Injection (Injection Globale et Unique), according to FHWA (2000) guidelines. A total of 386 micropiles were installed at this site including the tested piles.
Static Load Tests on Micropiles
A total of 2 static load tests were conducted on site.
SLT1: Load Test 1 (SLT1) was located close to the center of the site. It was performed on a typical pile 6.7m long, during the initial phase of the construction while the old warehouses were being dismantled as shown in Fig. 6 .a. The set-up of SLT1 test is also shown in Fig. 6 .a, and illustrated in Fig. 7 .a. The first micropile to be tested was constructed as described above. Initially the micropile was designed to carry a design load Q DL =450kN, about half the ultimate structural capacity. The test load was planned to go up to ultimate. This ultimate load can be determined by structural limit, geotechnical failure, or double the design load, whichever occurs first. The structural ultimate capacity of a 4"metallic tube filled with grout is about Qs ult =950kN. The geotechnical ultimate capacity for fractured limestone was based on a skin friction value f s =1100 kPa, recommended by Bruce, D.A et al (2005) for limestone rock; that is the pile in question with 5m of embedment into rock would be expected to fail geotechnically at Q ult =2600 kN. Hence, the load for the test was planned to reach Q max =900 kN, just below the structural ultimate capacity.
It should be noted that during the test, about 1.7m of the micropile was kept free standing, protruding from the ground above the rock face. This helped in avoiding any influence of the top soil, facilitating the test set-up. Also it permitted observing the structural integrity of the pile during the test.
The displacement curve of a standard load test on the first typical pile installed on site is shown in Fig. 8 .a. It shows that the micropile was tested to double the design service load, near structural limit, and was not even near the geotechnical failure. It would be wise to say that unlike in soil, in rock the micropile capacity is controlled by structural capacity rather than geotechnical criteria. The stiffness of the micropile according to Fig. 8 , with diameter 150mm (6"), reinforced with a 100mm (4") API steel tube, and embedded 5m into limestone rock was determined to be around K micropile =450000 kN/m. For an applied load of 900 kN the micropile exhibited a max total settlement of 2.1mm only, half of which may be due to the elastic compression of the 4 inch free standing part of the pile casing. These findings led to raising the design load capacity from Q DL =450kN to Q DL =700kN.
SLT 2:The second load test SLT2 was done near the end of the project as a proof test. In an attempt to minimize the cost, this test was inspired from the Osterberg's technique (Osterberg, 1995) of separating the end bearing from the friction resistance by testing the pile against itself. As illustrated in Fig. 7 .b, this was achieved by inserting 2 API tubes within each other; a 3" tube within a 4" tube. The 4" tube represents the outer shell of the reinforcement, with 4 prestressing cable attached by welding near its end bottom. The cables are greased and sheated on most of their length above the welded zone to reach to top. The 3" tube would be greased on the outside to reduce friction with the inner side of the 4" tube, and is kept protruding at both ends. As shown in Fig. 6 .b, , a 4" casing piece, 200mm long would be welded at the bottom end of the 3" tube to regain the same diameter as in a typical micropile (see Fig. 6 ).
At the top, the set-up is made in such a way as to jack the outer micropile upward while the central tube is pushed with the end bearing downward. By monitoring the movement of each casing tube, the result is obtained as shown in Fig.  8.b.   FIG. 6 . View of SLT 1 (Fig. 6.a) and SLT 2 (Fig. 6.b) 
FIG. 7. Set-up of Static Load Tests
FIG. 7. Typical Micropile Installation in Sanita Project
FIG. 8. Load vs Displacement Curves for (a) SLT1 & (b) SLT2
If the load vs. displacement curves for both tests (Fig. 8) are super-imposed, the graphical presentation would look like the one in Fig. 9 . From Fig. 9 , it would be possible to reconstruct a load transfer curve by matching vertical displacements, and the resulting graph is shown in Fig. 10 . This figure shows that the micropile embedded 5m in rock is actually carrying only about 9% of the applied load by end bearing, whereas the rest (91%) are resisted by friction. This explains why most designers neglect the end-bearing resistance when designing micropiles as vertical supports.
FIG. 9. Super-Imposed Results
FIG. 10. Expected Load Transfer
CMFF Theoretical Approach
The innovative system consists of installing micropiles fully embedded in competent rock in order to reinforce the footing foundation that is in turn bearing on the rock surface and carrying part of the applied load. Hence this solution would achieve its goal of carrying safely the column loads (see Table 1 ) by:
• Combining the load bearing elements : Micropiles and Footings • improving reliability by distributing the load between the footing and the micropiles • Fullfilling the safety requirements in karstic formations by detecting cavities, and consolidating the voids under the bearing columns during grouting.
• Also, in terms of strain compatibility, as the footing starts settling due to the applied loads, the micropile will immediateley start working with it in a combined effort to resist the column loads above.
The CMFF design approach consists of 2 phases: Phase 1: In the first phase, the feasibility of utilizing micropiles in the karstic terrain, as well as design the micropile itself satisfying geotechnical and structural safety. The steps taken in this design phase follow the seven design steps summarized recently by Bruce, D.A. et al (2005) . Once the micropile has been designed and tested, the stiffness of the micropile is obtained in order to prepare a finite element model for a footing on elastic foundations Phase 2: This phase consists of constructing the elastic model that would combine both the horizontal element or footing , plus the vertical elements or micropiles. Each footing case (refer to Table 1) was modeled, mainly to position the micropiles with a concentric centroid, to reach a somewhat homogeneous displacement pattern, and avoid tilting of the footing. As an example, the most common footing type, Case 5, would be considered. This footing is 1.8x1.8m with 3 micropiles. The CMFF model of this case is illustrated in Fig. 12 . The footing is divided in 0.15x0.15m elements each supported by an elastic spring of stiffness equal to the modulus of subgrade reaction times the element area; that is, for the central element k element =k s x0.0225=1800 (kN/m). The micropile is added at the most suitable node position, and modeled as a spring with stiffness K micropile . On this particular project, the static load test gave an initial static stiffness K micropile =450000kN/m (see Fig. 8.a) . The design checking analyses were performed utilizing the Robot Millenium software. As an example, results for Case 5 footing are presented in Fig.  13 . With an applied column load of 3320 kN, the immediate settlements were in the order of 2mm. Also, internal moments are shown in Fig. 13 . The average bearing pressure is 170 kPa only. Imagining the footing without the micropiles, the soil pressure would reach 1025 kPa!
FIG. 12. CMFF Model
FIG. 13. Settlement & Moment Distribution in Case 5 Footing
The main difference between CMFF and Micropiling alone is the optimization process of taking full advantage of the carrying capacity of each foundation element.
In the past and in the absence of advanced software for modelling this complex soil/structure interaction, CMFF could not be made possible.
